phones are equipped with both a camera and image-processing software in a small 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 4 colored channel that became elongated with increases in its concentration. 58 In our previous research, we demonstrated acid-base titrations on μPADs consisting 59 of ten reaction zones and ten detection zones [21] . Strong and weak acids and bases 60 could be titrated by selecting an appropriate indicator. The principle would obviously be 61 applicable to other classic titration methods that include chelate titrations, redox 62 titrations, and precipitation titrations. Although the detection scheme is slightly different, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 transparent packing tape to prevent solutions from leaking from beneath the μPAD. 106 Each μPAD was cut into a piece that measured 30 × 30 mm, and then 30 μL of the 107 buffer solution (pH 10 or 13) was added to the sample zone so as to completely fill the 108 surfaces of the channels and zones of the μPAD (30 μL is the volume needed to fill all 109 hydrophilic channels and zones [21] ). The μPAD was completely dried, and then a 1 μL 110 solution of ten different EDTA concentrations was added to each of the reaction zones 111 since the volume needed to fill a reaction zone was determined to be 1 μL as reported in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 as the volume of EDTA solutions added to the reaction zones. So, when the amount of 130 metal ions exceeds that of the EDTA in the reaction zones, uncomplexed metal ions 131  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 volatilization of ammonia.
154
A buffer that would be suitable for use in μPADs should have a pK a value that is near 155 the selected pH and should be a stable solid at room temperature. We selected the CAPS 156 buffer to accomplish a pH of 10 since the pK a value of CAPS is 10.6, whereas KOH was 157 employed for the buffer at pH 13. These buffer components are solid so that the pH 158 could be adjusted to 10 and 13, although exposure to CO 2 under air should be avoided 159 in order to maintain an alkaline pH. Thus, the μPADs should be stored with either 160 vacuum-sealed or nitrogen-substitution packaging.
161
In a classic chelate titration for Ca 2+ and Mg 2+ , EBT is used as the indicator at pH 10, 
166
In the preparation of the μPAD for the chelate titration at pH 10, we added 0.1 M 167 CAPS buffer to completely fill the channels and zones. When 0.1% EBT was dropped 168 into the detection zones containing 0.1 M CAPS buffer, the EBT showed a clear blue 169 color. Thus, EBT worked well as the indicator in the presence of the CAPS buffer, pH 170 10, when using the μPAD. However, when 0.1% NN was dropped into the detection 171 zone of a μPAD with the pH adjusted to 13 using 0.1 M KOH, no color was observed, 172 despite the presence or absence of metal ions (Fig. 1 )i.e., the NN was unsuitable due 173 to its low color intensity when using the μPAD. Therefore, instead of NN, we examined the presence of 0.1 M KOH ( Fig. 1) , despite a purple color in solution. The purple color 178 of EBT at pH 13 was quite reasonable since the pK a2 value was 11.6 [27] , because more 179 than 98% of EBT is a trivalent anionic species (purple color). When adding Ca 2+ and 180 Mg 2+ into the solution, the purple color persisted, which meant that EBT was unsuitable 181 as an indicator in the solution with a pH of 13.
182
The fact that EBT exhibited a blue color in the presence of 0.1 M KOH implied 183 some interaction between EBT and the paper substrate. One possible explanation could 184 be the interaction of the dissociated hydroxyl group of EBT with the hydroxyl groups of 185 the paper substrate, cellulose. The color of EBT should change from purple to blue 186 when one of the dissociated hydroxyl groups is protonated. Therefore, on the paper 187 substrate, the dissociated hydroxyl group may have interacted with the hydroxyl groups 188 of the cellulose. As a result, EBT may show a blue color on filter paper containing 0.1 189 M KOH, although its color was purple in a solution with a pH of 13.
190
Unfortunately, EBT was unsuitable for use at a pH of 13 since it changed color in 191 the presence of Mg 2+ (Fig. 1 ), which could have been due to the complex formation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 pH 10 and 13, respectively. Using these reagents, we prepared two μPADs, one for 202 determining the total concentration of Ca 2+ and Mg 2+ (hardness) at pH 10, and the other 203 for determining the concentration of Ca 2+ at pH 13. 204 205 206 In the preliminary stages, we employed the same design as that of the μPADs for 207 acid-base titrations. Initially, 30 µL of 0.1 M CAPS buffer was introduced into the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 dissolution of the reagents.
Optimization of the design

226
To complete the complex formation in the reaction zones, we delayed the influx of 227 the sample solution from the reaction zone into the detection zone. This was achieved 228 by increasing the channel length between the reaction zone and the detection zone. The 229 channel length between the reaction zone and the detection zone was 0.8 mm in the 230 μPAD reported previously, whereas it was increased to 1.4, 2.0, and 3.0 mm. The time 231 required to flow from the reaction zone to the detection zone was increased with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 was prepared by completely filling the channels and zones with 30 μL of 0.1 M CAPS 250 at pH 10, and then by adding 1 μL of an EDTA solution in increments of 0.01 to 0.1 M 251 to the reaction zones and 0.5 μL of 0.1% EBT to the detection zones. Two mixtures, 10 252 mM Mg 2+ + 10 mM Ca 2+ and 30 mM Mg 2+ + 30 mM Ca 2+ , were titrated using the 253 μPADs, as shown in Figs. 2a and 2b . The endpoints were observed in the detection 254 zones by the blue color adjacent to the reaction zones containing the lowest 255  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 solutions to the reaction zones with Calcon as the indicator. When samples containing 1 274 to 5 mM Ca 2+ were measured using the μPADs, the solutions containing 1 to 3 mM Ca 2+ 275 showed a color change only in the detection zone adjacent to the reaction zone 276 containing no EDTA. Conversely, 4 mM and 5 mM Ca 2+ solutions did exhibit the 277 correct color change in the detection zones, i.e., the interval of 1 mM of Ca 2+ was 278 measurable in a range of more than 4 mM, even though 1 to 3 mM of Ca 2+ could not be 279 determined (Supplementary material, Fig. S5 ). The LOQ (4 mM) of the μPADs for a 280 titration at pH 13 was slightly poorer than that for a titration at pH 10 since the 281 measurable lowest concentration of Ca 2+ was 4 mM, which was 8-fold higher than its 282 measureable concentration at pH 10 (0.5 mM). Therefore, the μPADs can determine the 283 total concentration of Mg 2+ and Ca 2+ in an amount higher than 1 mM, whereas Ca 2+ 284 concentrations lower than 4 mM are immeasurable. The LOD at pH 13 was 1 mM 285 which was also slightly larger than 0.5 mM at pH 10 due to adsorption of Ca 2+ on the 286 paper substrate.
287
It was noteworthy that concentrations of more than 4 mM were distinguishable at an 288 interval of 1 mM, and we were able to discriminate between the solutions containing 4 289 mM and 5 mM of Ca 2+ at pH 13. This fact made it seem quite strange that the interval 290 of 1 mM of Ca 2+ was measurable in the range of more than 4 mM, although 1 to 3 mM 291 of Ca 2+ could not be determined. To clarify this phenomenon, we added 0.5 μL of 292 Calcon to the sample, reaction and detection zones at pH 13, and then solutions of 1~5 293 mM of Ca 2+ were introduced into the sample zone while EDTA was absent from the 294 reaction zones. In the sample zone only, 1 mM Ca 2+ showed a color change, i.e., 30 μL 295 of 1 mM Ca 2+ (30 nmol of Ca 2+ ) was completely retained in the sample zone 296 ( Supplementary Material, Fig. S6 ). The color changes spread to the reaction and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 detection zones as the concentration of Ca 2+ was increased( Supplementary Material, Fig.   298 S6). These results indicated that Ca 2+ could not reach the detection zones at 299 concentrations lower than 3 mM at pH 13 even when the reaction zones contained no 300 EDTA. Therefore, free Ca 2+ was adsorbed onto the paper substrate at a pH of 13, which 301 was probably due to the dissociated hydroxyl groups of cellulose (the pKa value of 302 glucose is known to be 12.28) [30] , although the dissociation constant is unknown. The 303 adsorption of Ca 2+ in the sample zone and in the reaction zones would have been 304 saturated by the 3 mM of free Ca 2+ since concentrations higher than 4 mM were 305 measurable at pH 13.
306
The μPADs employed in Fig. 2 were prepared for determining a concentration range 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 a sample is measured by a color intensity generated by the formation of a colored 322 complex. To determine the hardness, we have to compare the result with a reference 323 which represents the relationship between the color intensity and the concentration 324 range, e.g., a paper strip reports that the hardness of the sample is <55, >90, >180, >270, 325 >360, or >445 ppm. This method could cause mistakes originating from the subjective 326 view of an observer. In addition, a paper strip cannot determine the concentrations of 
Interference
333
In the classic titrations, heavy metal ions influence the titration results since several 334 metal ions form chelates with EDTA and the indicator. Therefore, the interference of a 335 heavy metal was investigated using Fe 3+ as a possible interference in the determination 336 of natural water samples. Sample solutions with 1, 10, and 100 ppm Fe 3+ were applied 337 to the μPADs with 0 to 90 mM of EDTA in the reaction zones at 10 mM interval using 338 EBT as the indicator (pH 10). The solutions of 1 ppm Fe 3+ changed the color of EBT in 339 the detection zone when the reaction zones contained no EDTA, despite a much lower 340 concentration (corresponding to 18 µM) of Fe 3+ than the LOD of Ca 2+ and Mg 2+ (0.5 341 mM). Obviously, Fe 3+ is a serious interfering substance for the μPAD.
342
In the classic titration, KCN is frequently employed for masking many heavy metal 343 ions [27] . Thus, we added 30 μL of 10% KCN in all channels and zones after drying 0. 1  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 using the μPADs treated with KCN. In the presence of KCN, no interference was 346 observed up to 500 ppm (8.95 mM) of Fe 3+ . To apply the μPADs to the determination of 347 practical samples, especially to natural water samples, the addition of KCN will be 348 effective to exclude the interference of heavy metal ions since the concentration levels 349 in natural water are known to be as low as 0.5−50 μM [31] . which was in good agreement. Using the μPADs, the concentration of Ca 2+ in mineral 358 water 1 was below the detectable concentration limit at pH 13, and the concentration of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 10 without KCN, the color in all the detection zones changed to purple. To prevent 370 interference from heavy metal ions, we added 30 μL of 10% KCN, as described in the 371 section 3.4. Fig. 3b shows the titration at pH 10 by the μPAD containing KCN. The  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 for measurements at pH 10 and pH 13. The μPADs were superior to a commercially 394 available paper strip for a measurement of the hardness in water samples, because we 395 were able to determine the exact concentrations of both Ca 2+ and Mg 2+ using the μPADs 396 while the commercially available paper strip permitted only a range of hardness that 397 corresponded to the total concentration of Ca 2+ and Mg 2+ . In addition, the results of the 398 μPADs were digitized, which lessened the chances for a misreading.
399
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